. Photoelectrons from magnetic materials exhibit electron spin polarization (ESP)
-If the spindirection is not severely affected in the process of photoemission, electrons emitted from magnetic materials must show a spin polarization. Conservation of the expectation value of spin direction is usually t o be expected in photoemission, because the enlission processes are fast compared t o the spin relaxation time.
The degree of spin polarization is expected t o reflect the magnetization of the initial state from which the electron was emitted. The measurement of the degree of spin polarization of electrons from different electron states may then yield information on the energy distribution of magnetization.
T h e ESP is defined as the expectation value of the pauli spin operator G, and for a given direction in space, say the z-direction, one obtains for the degree of ESP along z :
where tr f. n are the respective nunlbcrs of up and down spin electrons (magnetic moment respectively parallel and antiparallel to the magnetic field direction).
2. The apparatus consists of a photoemitter in a homogeneous magnetic field and ultrahigh vacuum, an electron accelerator system and a Mott scatterer as analyser for the polarization. - The principle of the experiments observing the emission of polarized electrons from magnetic cathodes is shown in figure I . The cathode is a magnetic material in which a n1agnetiz:ition M perpendicular t o the emitting surface is generated by an external magnetic field. Electrons are emitted by irradiating with ultraviolet light. The emitted electrons are replaced by electrons from a n unpolarized electron reservoir that keeps the cathode a t constant electric potential. There is a flow of electrons from the reservoir through the cathode into vacuum : the magnetic cathode acts as the polarizing spin filter. Electrostatic deflection converts the longitudinal polarization into a transverse one. The right-left asymmetry in the scattering from a gold foil detects the degree of spin polarization parallel t o the direction of the magnetization. Mott [I] first pointed out in 1929 that elastic Coulomb scattering of electrons from heavy atoms depends on the spin state of the electrons through LS coupling on scattering. Figure 2 shows the configuration for Mott scattering. Electrons which have been accelerated to 100 keV are scattered from a gold foil which is thin to minimize multiple scattering. The intensities (N,, N,) are measured at scattering angles $. 1200. The polarization is related to the measured asymmetry A by By reversing the magnetic field at the sample we can measure and eliminate the effect of the apparatus asymmetry A,, which arises from slight asymmetries in the sensitivity and orientation of the detectors [2] . The Sherman function S is well known from theoretical calculations which have been experimentally verified [3] . A schematic diagram of the actual apparatus for observing electron polarization in photoemission is shown in figure 3 . The surface of the sample must be atomically clean and therefore is in ultrahigh vacuum (UHV), typically 1 x lo-'' torr. Measurements have been performed on thin film samples evaporated in situ and on single crystals cleaved in UHV. The light source used is a Hg-Xe high pressure arc lamp with photon energies up to about 6 eV. 3. The measurements include photoelectric magnetization curves (PMC), spectra of spin polarization (SSP), and (spin independent) quantum yield. -Measurement of the degree of spin polarization of the photoemitted electrons as a function of magnetic field keeping photon energy iiw and temperature T constant is analogous to a magnetization measurement M vs. H a n d therefore has been named a photoelectric magnetization curve.
If the magnetic field is held constant and T is constant, one obtains the spectra of spin polarization. The spectra contain information on the spin polarization of the different electron states since as the photon energy is increased, electrons from the next deeper lying energy states are also photoemitted.
The quantum yield Y is the number of electrons photoemitted per incident photon as a function of hw. The threshold photon energy cp at which electron emission sets in is the energy difference between the first occupied electron state and the vacuum level Em. The yield measurement gives the total photocurrent at each photon energy, whereas the SSP gives the polarization of this current.
Other types of ESP measurements are also possible. Measurement of the spin polarization as a function of temperature P ( T ) at constant H and hw is especially interesting as the ordering temperature is approached. By measuring the kinetic energy of the photoemitted electrons in addition to the spin, one could obtain P as a function of initial state energy of the electron, that is, an energy distribution of spin polarization P(E). Measurements of P ( T j are in progress, but several experimental difficulties, particularly the high applied field magnetic at the sample, relegate measurements of P(Ej to the future.
4.
PMC's are related to magnetization curves. - In most magnetic substances, the magnetization produced predominantly by the spin moment of the electrons. Thus the measured polarization is proportional to the z component of the magnetization : The PMC in figure 4 is for a polycrystalline Ni film [4] . The polarization increases sharply and saturates. This behavior is expected for a magnetization curve of a ferromagnetic thin film with niagnetic field perpendicular to the film. Since the demagne- tizing field is maximum in this confirmation, a field about equal to the saturation magnetization M , -6 kG must be applied in order to align the Weiss domains. Figure 5 shows a PMC for GdP [S] which is antiferromagnetic with a Nee1 temperature of 15 K. The induced magnetization curve of bulk GdP at 4.2 K is linear and ferromagnetic saturation occurs at 90 kOe. As expected, the PMC can also be fitted C6-90
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by a straight line within the statistical uncertainty. The observed photoelectrons are not emitted from the 4f shells but from higher lying energy states. These states are so strongly coupled by the exchange field to the 4f shells that they reflect the magnetization state of the 4f electrons.
Although GdP is an antiferromagnet with NaCl structure, when it is evaporated onto a substrate at 4.2 K the structure is so disturbed that the antiferromagnetic coupling is broken and paramagnetic properties are displayed [5] . The dashed line in figure 6 is a Brillouin function for 7 Bohr magnetons, corresponding to the 'S,,, configuration of the half filled 4f shell of the Gd ion.
5. SSP are consistent with optical absorption and intensity photoemission studies and in addition allow a location of the magnetic states in an energy level scheme. -Consider, for example, the SSP of the ferromagnetic semiconductor Eu,P, [6] shown in figure 7 . In Eu,P, as in most magnetic semiconductors there are three types of levels : magnetic localized levels, conduction or impurity states, and the full valence bands. The ESP of electrons from the 4f-states is equal to the relative magnetization. The conduction -and impurity -states are also polarized, but often to a lesser extent because of admixture of doubly occupied states. The electrons from the doubly occupied valence bands are not spin polarized. The SSP show at which photon energy the emission from these states sets in. In figure 7 , at low photon energies near the photothreshold, we have emission from impurity states. The increase of the polarization on increasing the photon energy indicates the onset of emission from 4f7-states. The decrease is due to the emission of unpolarized valence band electrons. These measurements enable us to make assignments of the transitions observed in optical absorption [7] and help to undertand the energy distribution curves of photoelectrons. It is clearly possible to distinguish between the 3 types of levels. However, if one wants to locate the levels say with respect to the vacuum level, the one electron approximation must be valid or the energy of the hole left behind must be known as a function of photon energy and other possible parameters. This difficulty is ofcourse present in all spectroscopic methods. The shape of the spectra is similar for all three metals : high ESP for electrons emitted with photon energies near the energy of the photoelectric threshold, and the ESP decreases on increasing the photon energy. The maximum value of the ESP decreases with increasing number of d-electrons. The spectral width of the region with high ESP also decreases on going from Fe to Ni and shows that the magnetism is generated predominantly by electron states within about one eV of the Fermi level.
Without employing any theory of magnetism we can make the following statement : if n, is the number of Bohr magnetons and n the total number of dand s-electrons in the conduction bands, the spin polarization should tend towards the value n,/n for fto % cp. This arises because for high photon energies the escape function T ( E ) is slowly varying and all electrons from the conduction bands can escape equally well from the material. It is also assumed that the ESP is conserved in photoemission and that k-conservation is not very important in the magnetic metals. We have n,/n = + 26 %, + 17 % and + 5.5 % for Fe, Co and Ni respectively [9] .
As seen in figure 8 , the ESP tends towards these values. In the band model of ferromagnetism, largely due t o Stoner, Wohlfarth and Slater (SWS), the exchange between the itinerant electrons produces an average Hartree-Fock molecular field that is different for the two electron spin states. That is, electrons with the same wave vector k have different energy depending on their spin. The band is formally divided into two pure spin subbands which are split by the exchange splitting energy AE,, thought to be about 0.4 eV for Ni and 1.1 eV for Co at T = 0 K. For Co and Ni, one subband is filled (majority spins) while the other is only partially filled (minority spins) giving rise to the net magnetic moment. The top of the majority spin band lies below the Fermi level so that electrons excited near the Fermi level should be minority spin electrons and a negative polarization should be observed. The expected P for Co calculated [lo] on the basis of the nondirect transition model including escape probability is shown in figure 9 . For curve (a), the density of states from the band structure calculation of Wong et a/. [I 11 was used (AE,, = 1.35 eV) and for curve ( b ) the best value for the exchange splitting (AE,, = 1.05 cV) [iccording to Wohlfarth [I21 was used. A negative polarization is expected over a wide energy range but a positive polarization was always observed. In order to reduce the possibility that a negative P was being obscured as a consequence of k conservation and a peculiarity in the band structure, the work function was varied over about 1 eV using Cs, thus varying also the initial and final states observed for a given photon energy [lo] . That a positive P is always observed suggests that the SWS band model, with current band calculations, is not suficient to explain the ESP results. It appears that many body effects may be crucial to magnetism in the 3d transition metals, but calculations along these lines have not proceeded to the point of quantitative comparison with experiment [13]- [17] . Another possibility is that the hole left behind on photoemission of an electron may be strongly localized and single atom behavior may be dominant [18] . If the one electron approximation breaks down in this way, a comparison of the ESP measuren~ents and the SWS band model does not make sense. The ESP experiments are important not only as a tool to investigate magnetism in solids but also the photoemission process itself. 8 . On disordering new localized states are observed in the gap of some magnetic semiconductors. -EuS, EuSe, EuTe, GdP, GdAs and GdSb [5] were selected for investigating effects of structural disorder because ( i ) it is possible to prepare thin films byelectron gun evaporation ( i i ) all materials have the NaCIlattice, and (iii) the forbidden energy zone EGv between valence and conduction band states varies from 2,32 eV in EuS to z 0 in GdSb. EuS and EuSe are ferromagnets while the other compounds are antiferromagnets. An energy level scheme for these substances is shown in figure 10 .
The systematic variation of the lattice constant, ordering temperatures and energy parameters are given in table I. Generally, the width EGv of the forbidden energy zone decreases with decreasing ionicity of the bonds. The energy of the magnetic states E,,, is mainly determined by the Coulomb field of the ion ( G d + + + or Eu").
Much theoretical work shows that localized states in the energy gap are expected to appear on disordering [19] . The position of the 4f7-states in the magnetic semiconductors remain largely unaffected on disordering due to their extreme localization and thus provide a point of reference. The difficulty with the ionic magnetic semiconductors is that they are not glassformers. However, it is possible to introduce structural disorder by evaporating thin films onto a substrate cooled to liquid He temperature. In the following discussions, annealed (ordered) samples are labelled I, and disordered 11.
The photothreshold cp was determined from yield measurements and found to decrease on disordering due to new states in the gap. We define where cp* is the photothreshold of the disordered state. Acp > 0 for all materials investigated. The change of cp on disordering, Acp, was found to be largest for EuS and decreases with decreasing E,,. For the interpretation it is important to note that A* = AE, + AE,, where E, is the energy of the first occupied electron state ( y = E, -E,).
In GdSb with EGv = 0 [20] , a large number of states is available at E, = E, and we can assume AE, = 0 ; we obtain A* = AE,. AEG is the energy with respect to the valence band edge of the highest lying new state formed and occupied on disordering. AE, was calculated from Acp with the assumption that AE, = 0.3 eV in all substances and using the optical data of Giintherodt, Imboden and Wachter [21] . The results of the measurements and of this calculation are given in 9. ESP measurements indicate that single occupancy of the states created on disordering is possible due to intra-atomic exchange, and the ferromagnetic coupling of the localized 4f-spins is enhanced. - The most spectacular effects on disordering occur in GdP [5] , which exhibits and antiferromagnetic PMC in the I-state and a paramagnetic PMC in the 11-state (Fig. 5 and 6 ). This means that the ferromagnetic part of the exchange has increased relative to the antiferromagnetic one. An increase of the ferromagnetic molecular field on disordering could also be detected in ferromagnetic EuS and metamagnetic EuSe. In contrast to this, EuTe, GdAs and GdSb retained their antiferromagnetic PMC and major changes in the molecular fields were not observed. Enhancement of ferromagnetic exchange thus occurs for the compounds with small lattice constant and a high degree of ionicity of the bonds. The crystals field varies with --a-' and it splits the d-states but not the s-states of the cations in such a way that the center of gravity is conserved. Therefore, figure 11 . With EuS (II), the sharp increase of P at tlo z 3.8 eV yields the ionization energy of the 4f7-levels, which for EuS (I) is
The shift must be attributed to a decrease of E, together with a possible scatter of the 4f7-energy position in the disordered lattice. New states which are observed at photon energies below the onset of 4f-transitions cause the remaining part of Acp and have a polarization P', with 0 5 P' # P,,.
The new states are not simply scattered 4f-states since P' < P,,, and part of them are singly occupied The full lines are calculated assuming T = 10 K , and the best fit was obtained with the molecular field constants 1. givcn in the graph. (Fig. 12) .
Fresh (100)-surfaces have been obtained by cleaving in ultrahigh vacuum.
The paramagnetic sheet at the surface explains the fact that magnetic saturation does not occur as seen in figure 12. The kink at H = 8-10 kG indicates that the Dlrlk however saturates, as it must at temperatures below T,.
The assumption of a paramagnetic surface sheet :tutornatically implies that the exchange coupling of the surface sheet to the bulk is strongly reduced. Assuming a constant Jij, molecular field theory yields the same T, in both the bulk and the surface [23] . A reduced Jij can occur in the outermost atomic layers if the distance between the lattice planes increases. It is known that an increased distance between (100)-planes reduces the ferromagnetic part of the exchange in the europium-chalcogenides [24] .
The escape depth of the photoelectrons should be of the order of 50 A in EuO for photon energies near threshold. This corresponds to 10 lattice constants, and the question arises why one or two paramagnetic layers have such a strong influence on the results. It has been shown [25] that electrons travelling from the bulk through the paramagnetic surface sheet into vacuum are very Iikely to undergo spin exchange collisions with the paramagnetic ions in the surface sheet. By this process, the polarization of the surface sheet is very effectively transferred to the emitted electrons. This is why we see the paramagnetism of the surface despite the fact that only 10 % of the electrons are actually emitted out of the 4f 7-shelI of surface atoms.
11. Doping enhances the molecular field in the paramagnetic surface sheet of EoO. -It remains to explain why the effect of the paramagnetic surface is weaker in the La doped sample as seen from the higher P in figure 12 .
We believe this occurs because the excess electrons introduced by the trivalent La-ions cause an increase of the molecular field in the surface layer and a stronger coupling of the surface to the bulk. This is in analogy with the known fact that in these compounds the Curie-temperature is increased on doping [26] which is attributed to an additional exchange interaction between the localized 4f-electrons via the introduced electrons.
A paramagnetic surface sheet exists also in thick polycrystalline films of EuS [ 5 ] .
